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BlL, a galactose-binding C-type lectin puriﬁed from Bothrops leucurus snake venom, ex-
hibits anticancer activity. The current study was designed to elucidate the cellular
mechanisms by which BlL induces melanoma cell death. The viabilities of B16-F10 mela-
noma cells and HaCaT keratinocytes treated with BlL were evaluated. Necrotic and
apoptotic cell death, cytosolic Ca2þ levels, mitochondrial Ca2þ transport and superoxide
levels were assessed in B16-F10 melanoma cells exposed to BlL. We found that treatment
with BlL caused dose-dependent necrotic cell death in B16-F10 melanoma cells.
Conversely, the viability of non-tumorigenic HaCaT cells was not affected by similar doses
of BlL. BlL-induced B16-F10 necrosis was preceded by a signiﬁcant (2-fold) increase in
cytosolic calcium concentrations and a signiﬁcant (3-fold) increase in mitochondrial su-
peroxide generation. It is likely that BlL treatment triggers B16-F10 cell death via mito-
chondrial permeability transition (MPT) pore opening because the pharmacological MPT
inhibitors bongkrekic acid and Debio 025 greatly attenuated BlL-induced cell death. Ex-
periments evaluating mitochondrial Ca2þ transport in permeabilized B16-F10 cells strongly
supported the hypothesis that BlL rapidly stimulates cyclosporine A-sensitive Ca2þ-
induced MPT pore opening. We therefore conclude that BlL causes selective B16-F10
melanoma cell death via dysregulation of cellular Ca2þ homeostasis and Ca2þ-induced
opening of MPT pore.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Snakes from the Bothrops genus are responsible for
more than 20,000 accidents per year in Brazil, totaling
nearly 90% of all recorded snakebites. Bothrops leucurus
mainly inhabits the northeast region of Brazil, and itsx: þ55 19 35217330.
).venom elicits biological effects that are typical of the
Bothrops genus, which include coagulative, ﬁbrinolytic and
hemorrhagic effects, acute renal failure and local necrosis
(de Morais et al., 2013).
B. leucurus venom is composed of a complex mixture of
bioactive substances, mainly peptides and proteins that are
capable of interfering with a variety of physiological pro-
cesses. A protein named BlL, which is a galactose-binding C-
type lectin that is puriﬁed from B. leucurus snake venom,
exhibits anticancer and immune-related activities (Nunes
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interest. BlL is a dimeric protein composed of two 15 kDa
subunits and has been shown previously to elicit antibac-
terial activity against human pathogenic gram-positive
bacteria (Nunes Edos et al., 2011) and to cause cytotoxic
effects in human tumor cell lines (Nunes et al., 2012). The
latter action of BlL was associated with phosphatidylserine
externalization and disruption of the inner mitochondrial
membrane potential (Nunes et al., 2012). Other studies have
indicated that lectins such as concanavalin A, Polygonatum
odoratum, Polygonatum cyrtonema and mulberry leaf lectin
also promote cell death through mechanisms involving in-
teractionswithmitochondrialmembranes (Liu et al., 2009a,
2009b, 2009c; Zhao et al., 2010).
In general, lectins are proteins that are able to recognize
and bind to speciﬁc carbohydrate domains on cell mem-
brane. Upon lectin binding to plasma membrane receptor
and/or internalization by endocytosis, a variety of cellular
events and lectin interaction with intracellular organelles
may arise (Lichtenstein and Rabinovich, 2013). We have
recently found that a lectin puriﬁed from Cratylia mollis
seed, Cramoll 1,4, which belongs to the mannose/glucose
binding class of lectins, promotes Trypanosoma cruzi epi-
mastigote parasite necrosis via a concerted action on
plasma and mitochondrial membranes leading to mito-
chondrial Ca2þ overload and stimulation of reactive oxygen
species production followed by necrosis-like cell death
(Fernandes et al., 2010). In addition, it was also found that
Cramoll 1,4 promotes mitochondrial permeability transi-
tion (MPT) pore opening in isolated rat liver mitochondria
(Fernandes et al., 2014). MPT is a non-selective per-
meabilization of the inner mitochondrial membrane
(Hunter et al., 1976; Zoratti and Szabò, 1995; Crompton,
1999) that is triggered by mitochondrial calcium overload
and can be followed by cell death.
Given the involvement of MPT in both apoptosis and
necrosis (Crompton, 1999; Figueira et al., 2013), the
development of pharmacological agents able to modulate
MPT pore opening is of great interest, as are the potential
tumor-speciﬁc cytotoxic properties of lectins. Because
abnormal glycosylation of membrane proteins is a unique
characteristic of malignant cells and because carbohydrate-
sensitive surface proteins may be targets of selective
tumor-directed compounds (Wang et al., 2000), we inves-
tigated whether MPT is involved in BlL-induced cytotox-
icity in B16-F10 melanoma cells.
2. Materials and methods
2.1. Reagents
The compound Debio 025 was kindly donated by
Novartis (Basal, Switzerland). The probes MitoSOX,
Annexin V-FITC and propidium iodide (PI) were obtained
from Invitrogen (Carlsbad, USA). All other reagents used in
this work were obtained from Sigma (St. Louis, USA).
2.2. Lectin preparation
B. leucurus venom was kindly supplied by the Núcleo
Regional de Oﬁologia e Animais Peçonhentos da Bahia,Universidade Federal da Bahia, Salvador, Bahia, Brazil. BlL
was puriﬁed according to the protocol previously described
by Nunes Edos et al. (2011). Brieﬂy, lyophilized crude
venom of B. leucurus (30 mg) was dissolved in 1 mL of CTBS
buffer (20 mM Tris-HCl, 150 mM NaCl and 5 mM CaCl2, pH
7.5) and centrifuged (2000 g, 5 min, 25 C) to remove
insoluble material. The resulting supernatant was applied
to a column (10  1.0 cm) of guar gel previously equili-
brated with CTBS at a ﬂow rate of 10 mL/h. BlL was eluted
from the column with 200 mM galactose in CTBS.
2.3. Cell culture and treatments
B16-F10 melanoma cells were obtained from American
Type Culture Collection (ATCC, Virginia, USA) and grown in
RPMI-1640 (Vitrocell, São Paulo, Brazil) supplemented with
10% fetal bovine serum, 100 mg/mL gentamycin, 100 IU/mL
penicillin and 100 mg/mL streptomycin (Vitrocell, São Paulo,
Brazil). HaCaT cells, a keratinocyte cell line that was pur-
chased from Cell Line Service (CLS, Heidelberg, Germany),
were maintained in DMEM with high glucose (Vitrocell,
São Paulo, Brazil) supplemented with 10% fetal bovine
serum, 2 mM glutamine, 100 U/mL penicillin and 100 mg/
mL streptomycin. The cells were maintained at 37 C in a
humidiﬁed atmosphere with 5% CO2.
Analyses of cell viability and death were conducted after
24 h exposure to BlL at varying concentrations. Then, to
evaluate cellular events and the mechanisms leading to cell
death, mitochondrial superoxide levels, cytosolic Ca2þ
levels and cytoprotection by MPT inhibitors were assessed
in a time frame of 6–12 h after the exposure of cells to BlL.
Treatment periods are speciﬁed in ﬁgure legends.
2.4. BlL effects on B16-F10 and HaCaT cell viability
Cell viability and proliferation were evaluated in the
presence of varying concentrations of BlL. The cells were
trypsinized using a trypsin-EDTA solution from Vitrocell
and were centrifuged at 1500 g for 4 min. The resulting cell
pellet was resuspended in 3 mL of RPMI-1640 media for
B16-F10 or DMEM for HaCaT; bothmedia included 10% fetal
bovine serum. Cell viability was assessed using trypan blue
dye (0.1%) added to aliquots of cell suspensions, and the
percentages of stained cells were determined microscopi-
cally. Cell viability under control condition was above 95%.
2.5. Flow cytometry analysis of cell death
The percentage of apoptotic and necrotic cells was
determined using a FACSCalibur ﬂow cytometer (BD Bio-
sciences, USA) equipped with an argon laser and Cell-Quest
software (version 4.1). For the analysis, 106 cells were
incubated in labeling buffer (10 mMHEPES, pH 7.4, 150mM
NaCl, 5 mM KCl, 1 mMMgCl2 and 1.8 mM CaCl2) containing
annexin V-FITC (1:500) and PI (20 mg/mL) at room tem-
perature for 20 min in the dark. Ten thousand events were
acquired and apoptosis was quantiﬁed by as the number of
annexin V-FITC-positive and PI-negative cells divided by
the total number of cells, while necrosis was quantiﬁed as
the number of PI-positive and annexin V-FITC-negative
cells divided by the total cell number.
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B16-F10 melanoma cells were treated with BlL at
various concentrations for 24 h. Then, the B16-F10 cells
were photographed under a Leica DFC360 FX microscope
using LAS AF software (Leica Microsystems, Wetzlar,
Germany).
2.7. Measurement of mitochondrial superoxide levels
Following the treatment of B16-F10 cells with BlL for 6 h,
the cells (106) were incubated in RPMI medium with 5 mM
MitoSOX at 37 C for 10 min to detect mitochondrial su-
peroxide levels. MitoSOX ﬂuorescence intensity, which in-
dicates mitochondrial superoxide levels, was analyzed by
ﬂow cytometry (FACSCalibur, BD Biosciences, San Jose,
USA).
2.8. Spectroﬂuorimetric determination of cytosolic Ca2þ levels
Following the treatment of B16-F10 cells with BlL for
6 h, the cells (106) were washed twice at 6000 g for 4 min
at 4 C in PBS containing 11 mM glucose and 0.8 mM
MgSO4, pH 7.2. Cells were resuspended in PBS containing
11 mM glucose and 0.8 mM MgSO4, pH 7.2 and 5 mM Fura
2-AM (Sigma, New York, USA). The suspensions were
incubated for 45 min and maintained at 37 C in a hu-
midiﬁed atmosphere with 5% CO2. Subsequently, the cells
were washed with PBS to remove extracellular dye. Cells
were resuspended to a ﬁnal density of 106 cells/mL in PBS.
The ratiometric ﬂuorescence of this suspension was
recorded in a cuvette placed into a thermostatically
regulated (37 C) F-4500 Hitachi spectroﬂuorometer
(Japan). The spectroﬂuorometer was set to excite theFig. 1. BlL decreases B16-F10 melanoma cell viability. A and B, B16-F10 cells were tr
(A) and viability (B) were estimated using trypan blue. Cell viability under control
photographed under a Leica DFC360 FX microscope (bars represent 100 mm). Valu
icantly different from control at P < 0.05, Student’s t-test.probe at 340 and 380 nm and to read the emission at
510 nm. The Fura 2 ﬂuorescence response was calibrated
from the ratio of 340/380 nm ﬂuorescence values after
subtraction of the background ﬂuorescence of the cells at
340 and 380 nm as described by Grynkiewicz et al. (1985)
and Vercesi et al. (1993).
2.9. Mitochondrial Ca2þ transport and mitochondrial
permeability transition opening
Changes in free Ca2þ concentrations in suspensions of
digitonin-permeabilized cells were followed by measuring
the ﬂuorescence of Calcium Green-5N (Invitrogen, Carls-
bad, CA) recorded on an F-4500 Hitachi spectroﬂuorometer
operating at 506 and 532 nm for excitation and emission,
respectively.
2.10. Statistical analysis
Differences among groups were assessed by Student’s t-
test. The signiﬁcance level was set at P< 0.05. All tests were
performed using the software SigmaStat 3.1 (Systat, San
Jose, CA, USA). Data are presented as means  standard
errors of the mean (SEM).
3. Results
3.1. BlL induces necrosis in B16-F10 cells but not in HaCaT
cells
BlL’s effects on B16-F10 cell viability were evaluated
using the trypan blue exclusion test and ﬂow cytometry
after 24 h of exposure to varying concentrations of the
lectin. Fig. 1A shows the progressive decrease in theeated with varying concentrations of BlL for 24 h; the numbers of viable cells
condition was 96%. C, Representative images of control and BlL-treated cells
es are the means  S.E.M. of at least ﬁve independent experiments. *Signif-
Fig. 2. BlL induces necrosis in B16-F10 cells (A) but not in HaCaT cells (B).
Both cell lines were treated with varying concentrations of BlL for 24 h. The
percentages of necrotic (PIþ) or apoptotic (AnxVþ) cells were determined
using ﬂow cytometry. Values are the means  S.E.M. of at least ﬁve inde-
pendent experiments. *Signiﬁcantly different from control at P < 0.05,
Student’s t-test.
Fig. 4. Treatment of B16-F10 melanoma cells with BlL (75 mg/mL) increases
mitochondrial superoxide levels. Following 6 h of treatment with BlL, cells
(106/mL) were incubated with 5 mMMitoSOX at 37 C for 10 min. Superoxide
levels were then analyzed by ﬂow cytometry. Values are the means  S.E.M.
of at least ﬁve independent experiments. *Signiﬁcantly different from con-
trol at P < 0.05, Student’s t-test.
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increased from 50 to 100 mg/mL. A decrease in the viable
cell number of nearly 50% (47.2  5.6, P < 0.01) was
observed at 75 mg/mL (Fig. 1A), along with a decrease in cell
viability (Fig. 1B). Flow cytometry analyses of cell death
similarly indicated an IC50 (49.1  6.7%) of 75 mg/mL
(Fig. 2A). The ratio of PI-positive cells to the total number of
cells (i.e., the necrotic index) was 38.6  2.7% (Fig. 2A). We
veriﬁed alterations in the cells upon treatment with BlL
using optical microscopy (Fig. 1C). These images evidence
the decrease in total cell count and the cellular agglutina-
tion promoted by this lectin. In contrast, BlL treatment of
HaCaT keratinocytes, a non-tumorigenic cell line, did not
cause signiﬁcant changes in cell viability as analyzed by
ﬂow cytometry (Fig. 2B).
3.2. BlL treatment increases both [Ca2þ]cyt and mitochondrial
superoxide anion levels in B16-F10 melanoma cells
To better understanding the mechanisms involved in
the necrotic cell death elicited by BlL treatment, we eval-
uated the cytosolic levels of free calcium ([Ca2þ]cyt) and
mitochondrial superoxide anions after 6 h of B16-F10 cells
incubation with BlL. This assay revealed that BlL treatment
led to a 108.6 32.8% increase in [Ca2þ]cyt (P< 0.02) (Fig. 3)
and a three-fold increase in the mitochondrial superoxide
anion levels (Fig. 4).Fig. 3. Treatment with BlL (75 mg/mL) increases [Ca2þ]cyt in B16-F10 mela-
noma cells. B16-F10 cells were treated with BlL for 6 h and then probed with
5 mM Fura 2-AM to measure cytosolic Ca2þ levels. Values are the
means  S.E.M. of at least four independent experiments. *Signiﬁcantly
different from control at P < 0.02, Student’s t-test.3.3. Effect of BlL on Ca2þ movements in permeabilized B16-
F10 melanoma cells
Fig. 5 shows that addition of Ca2þ to a reaction medium
containing the ﬂuorescent probe Calcium Green-5N pro-
motes a prompt increase in the ﬂuorescence signal. The
subsequent addition of digitonin to permeabilize the
plasma membrane was followed by mitochondrial Ca2þ
uptake, as evidenced through the release of the accumu-
lated Ca2þ induced by the respiratory inhibitor antimycin A
(Fig. 5, trace a). The subsequent addition of the Ca2þ
ionophore ionomycin caused the release of only a small
fraction of the cellular Ca2þ, thus supporting theFig. 5. BlL acutely impairs mitochondrial Ca2þ uptake and retention in a
manner that is sensitive to cyclosporine A. B16-F10 melanoma cells (106
cells/mL) were added to standard reaction medium containing 0.2 mM Cal-
cium Green-5N to probe for extra-mitochondrial Ca2þ levels and then per-
meabilized with digitonin to allow for in situ study of mitochondrial Ca2þ
transport. Where indicated, the following reagents were added to all
experimental conditions: 20 mM Ca2þ, 15 mM digitonin (Dig.), 5 mM anti-
mycin A (AA) and 10 mM ionomycin (Iono). The experimental conditions
were as follows: trace a, control; trace b, addition of 75 mg/mL BlL to the
reaction medium; trace c, addition of 75 mg/mL BlL and 1 mM cyclosporine to
the reaction medium. The results shown are representative of four inde-
pendent experiments. a.u., arbitrary units.
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levels was caused by accumulation of this cation in mito-
chondria. Interestingly, pre-incubation of B16-F10 cells in
the same reaction medium containing BlL and Ca2þ was
followed by only a transient decrease in Ca2þ levels after
plasma membrane permeabilization by addition of digi-
tonin (Fig. 5, trace b). This suggests that BlL decreased the
ability of the mitochondria to accumulate and retain Ca2þ.
Indeed, under these conditions the addition of antimycin A
was not followed by signiﬁcant Ca2þ release. Further evi-
dence that BlL’s effect on mitochondria is mediated byMPT
was provided by the restoration of the mitochondrial ca-
pacity for Ca2þ uptake and retention observed when the
experiment was carried out in the presence of the MPT
inhibitor cyclosporine A (Fig. 5, trace c).3.4. MPT inhibitors prevent B16-F10 melanoma cell death
induced by BlL
To assess whether MPT was involved in the process of
BlL-induced cell death, the cells were incubatedwith BlL for
12 h in the presence of the MPT inhibitor Debio 025 or the
MPT inhibitor bongkrekic acid. The results of a trypan blue
exclusion assay (Fig. 6A) demonstrate that both inhibitors
protect against the decrease in the number of viable cellsFig. 6. B16-F10 melanoma cells death induced by BlL can be blunted by treatment w
BlL for 12 h in the presence or absence of 0.5 mM bongkrekic acid (BA) or 0.5 mM D
iodide and annexin V-FITC staining. A, Absolute numbers of viable cells are depict
death. C, Representative traces of ﬂow cytometry analysis of cell death under the fo
the means  SEMs of six independent experiments for each condition. *P < 0.01 vinduced by BlL treatment. The ﬂow cytometry analyses
show that BlL-induced cell death was decreased by
69.8  0.6% (P < 0.01) and 77.4  1.8% (P < 0.01) in the
presence of bongkrekic acid or Debio 025, respectively
(Fig. 6B). Fig. 6C depicts representative histograms of these
ﬂow cytometry analyses showing the effects of bongkrekic
acid and Debio 025 on necrosis caused by BlL treatment.4. Discussion
The current study demonstrates that BlL causes cell
death by necrosis in B16-F10 melanoma cells. Interest-
ingly, BlL treatment did not affect the viability of HaCaT, a
nontumorigenic cell line. Previous studies have indicated
that lectins may allow normal cells to be distinguished
from malignant cells (Sabova et al., 2010) because they
bind to speciﬁc carbohydrate recognition domains present
in cell membranes that are differentially expressed in
tumor cells (Sharon, 2007; Koh et al., 2011; Nolte et al.,
2012). As the processes of lectins internalization are
important steps regulating the intracellular availability
and the effects of these proteins, putative differences in
the uptake of BlL by the two cell lines could also explain
their differential susceptibility (Lichtenstein and
Rabinovich, 2013). In this light, we have observed that aith the MPT inhibitors Debio 025 and bongkrekic acid. Cells were treated with
ebio 025. Cell death was assessed by ﬂow cytometry analysis of propidium
ed. Cell viability under control condition was 96%. B, Relative extent of cell
ur different experimental conditions. In A and B, the values are expressed as
ersus control cells. #P < 0.01 versus BlL-treated cells.
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the cell membrane of T. cruzi epimastigote parasites and is
subsequently internalized and colocalizes with mito-
chondria (Fernandes et al., in press). Our data showed that
the cytotoxicity of the plant seed lectin resulted from a
concerted action on the parasite’s plasma and mitochon-
drial membranes leading to increased [Ca2þ]cyt, followed
by mitochondrial Ca2þ overload and reactive oxygen spe-
cies production (Irigoin et al., 2009; Fernandes et al.,
2010). Notably, dysregulation of cellular and mitochon-
drial Ca2þ homeostasis plays an important role in
mitochondria-mediated cell death (Figueira et al., 2013). In
this study, we detected an increase in [Ca2þ]cyt at an early
time point (6 h) after incubation with BlL, while cell
viability and death were observed 18 h later, suggesting
that the Ca2þ signal may have propagated to the mito-
chondria, where Ca2þ overload triggers MPT pore opening.










Fig. 7. Suggested mechanism of BlL lectin action in B16-F10 melanoma cells.
BlL is thought to induce necrosis by increasing a) the free Ca2þ concentration
in the cytosol ([Ca2þ]cyt) and b) mitochondrial superoxide generation, thus
promoting the opening of mitochondrial permeability transition (MPT) pore.factors into the cytosol, MPT pore opening can be followed
by cell death. Indeed, the use of pharmacological MPT
inhibitors (Debio 025 and bongkrekic acid) revealed that
MPT pore opening plays a major role in BlL toxicity in B16-
F10 melanoma cells (Fig. 6). Debio 025 is a non-
immunosuppressant cyclosporine A analogue that targets
mitochondrial cyclophilin D and inhibits Ca2þ-induced
MPT pore opening (Quarato et al., 2012). Unlike cyclo-
sporine A, Debio 025 does not inhibit the calcineurin
pathway (Quarato et al., 2012). It is worth mentioning that
we could not test the effect of cyclosporine A on BlL-
induced cell death because this drug itself decreased cell
proliferation compared to experimental controls (data not
shown). A proposed sequence of cellular events leading to
cell death upon BlL exposure is depicted in Fig. 7.
The effects of BlL on mitochondrial Ca2þ homeostasis
were further studied in situ in permeabilized B16-F10 cells
(Fig. 5). This valuable approach revealed that BlL treatment
promptly triggers Ca2þ-induced MPT. Ca2þ-induced MPT is
a complex process whose molecular regulation is poorly
understood. However, the likelihood of MPT pore opening
is known to be modulated by mitochondrial nicotinamide
(NAD, NADP) and adenine (ADP, ATP) nucleotides (Vercesi,
1987; Zoratti and Szabò, 1995; Crompton, 1999; Saito and
Castilho, 2010; Ronchi et al., 2013) and mitochondrial
proteins, such as the adenine nucleotide translocator and
cyclophilin D (Baines et al., 2005). While ADP and reduced
NADP are notable endogenous inhibitors of MPT pore
opening, redox imbalance is the main factor that facilitates
MPT pore opening in vitro and under a variety of patho-
logical conditions (Crompton, 1999; Kowaltowski et al.,
2001; Figueira et al., 2013). The role of cyclophilin D in
MPT has received great attention; ablation or pharmaco-
logical targeting of this protein greatly desensitizes mito-
chondria to Ca2þ-induced MPT (Baines et al., 2005).
Conversely, increased expression of cyclophilin D is asso-
ciated with higher susceptibility to Ca2þ-induced MPT
(Naga et al., 2007; Figueira et al., 2011). Post-translational
modiﬁcations of cyclophilin D, namely cysteine nitro-
sylation and p53 binding, have emerged as key signaling
events mediating in oxidative stress-stimulated Ca2þ-
induced MPT pore opening (Nguyen et al., 2011; Vaseva
et al., 2012). In the intact cells studied here, BlL was
found to elevate [Ca2þ]cyt levels and cause mitochondrial
oxidative imbalance in B16-F10 melanoma cells; both of
these changes favor MPT pore opening. Direct effects of BlL
on MPT (Fig. 5) may also contribute to the mitochondria-
mediated cell death observed upon BlL treatment.
Although other studies have reported cell death upon
interaction of C-type lectins with mitochondria, this is the
ﬁrst study directly demonstrating that MPT takes part in
the toxicity of a major class of proteins broadly distributed
in nature on cancer cells. We conclude that BlL-induced
selective B16-F10 melanoma cell death occurs via dysre-
gulation of cellular Ca2þ homeostasis and opening of MPT
pore.
Ethical statement
The experiments comply with international and local
ethical standards.
M.A. Aranda-Souza et al. / Toxicon 82 (2014) 97–103 103Acknowledgments
The authors acknowledge ﬁnancial support from Con-
selho Nacional de Desenvolvimento Cientíﬁco e Tecnoló-
gico (CNPq), Fundação de Amparo à Pesquisa do Estado de
São Paulo (FAPESP, grants 2011/50400-0, 2011/51800-1 and
2012/07424-8), Fundação de Amparo à Ciência e Tecnologia
do Estado de Pernambuco (FACEPE, grants APQ-1119-2.08/
08 and APQ-0852-2.08/12) and Coordenação de Aperfei-
çoamento de Pessoal de Nível Superior (CAPES). We are
grateful to Raffaela Silvestre Ignarro for her assistance with
optical microscopy.
Conﬂict of interest
The authors declare no conﬂict of interest.
References
Baines, C.P., Kaiser, R.A., Purcell, N.H., Blair, N.S., Osinska, H.,
Hambleton, M.A., Brunskill, E.W., Sayen, M.R., Gottlieb, R.A.,
Dorn, G.W., Robbins, J., Molkentin, J.D., 2005. Loss of cyclophilin D
reveals a critical role for mitochondrial permeability transition in cell
death. Nature 434, 658–662.
Crompton, M., 1999. The mitochondrial permeability transition pore and
its role in cell death. Biochem. J. 341, 233–249.
de Morais, I.C., Torres, A.F., Pereira, G.J., Pereira, T.P., Pessoa Bezerra de
Menezes, R.R., Mello, C.P., Coelho Jorge, A.R., Binda, A.H.,
Toyama, M.H., Monteiro, H.S., Smaili, S.S., Martins, A.M., 2013.
Bothrops leucurus venom induces nephrotoxicity in the isolated
perfused kidney and cultured renal tubular epithelia. Toxicon 61, 38–
46.
Fernandes, M.P., Inada, N.M., Chiaratti, M.R., Araujo, F.F., Meirelles, F.V.,
Correia, M.T., Coelho, L.C., Alves, M.J., Gadelha, F.R., Vercesi, A.E., 2010.
Mechanism of Trypanosoma cruzi death induced by Cratylia mollis
seed lectin. J. Bioenerg. Biomembr. 42, 69–78.
Fernandes, M.P., Leite, A.C.R., Araujo, F.F.B., Saad, S.T.O., Baratti, M.O.,
Correia, M.T.S., Coelho, L.C.B.B., Gadelha, F.R., Vercesi, A.E., 2014. The
Cratylia mollis seed lectin induces membrane permeability transition
in isolated rat liver mitochondria and a cyclosporine A-insensitive
permeability transition in Trypanossoma cruzi mitochondria. J.
Eukaryot. Microbiol. (in press).
Figueira, T.R., Barros, M.H., Camargo, A.A., Castilho, R.F., Ferreira, J.C.,
Kowaltowski, A.J., Sluse, F.E., Souza-Pinto, N.C., Vercesi, A.E., 2013.
Mitochondria as a source of reactive oxygen and nitrogen species:
frommolecular mechanisms to human health. Antioxid. Redox Signal.
18, 2029–2074.
Figueira, T.R., Castilho, R.F., Saito, A., Oliveira, H.C., Vercesi, A.E., 2011. The
higher susceptibility of congenital analbuminemic rats to Ca2þ-
induced mitochondrial permeability transition is associated with the
increased expression of cyclophilin D and nitrosothiol depletion. Mol.
Genet. Metab. 104, 521–528.
Grynkiewicz, G., Poenie, M., Tsien, R.Y., 1985. A new generation of Ca2þ
indicators with greatly improved ﬂuorescence properties. J. Biol.
Chem. 260, 3440–3450.
Hunter, D.R., Haworth, R.A., Southard, J.H., 1976. Relationship between
conﬁguration, function, and permeability in calcium-treated mito-
chondria. J. Biol. Chem. 251, 5069–5077.
Irigoin, F., Inada, N.M., Fernandes, M.P., Piacenza, L., Gadelha, F.R.,
Vercesi, A.E., Radi, R., 2009. Mitochondrial calcium overload triggers
complement-dependent superoxide-mediated programmed cell
death in Trypanosoma cruzi. Biochem. J. 418, 595–604.
Koh, G., Low, A., Poh, D., Yao, Y., Ng, S.K., Wong, V.V., Vagenende, V.,
Lam, K.P., Lee, D.Y., 2011. Integrative analysis workﬂow for the
structural and functional classiﬁcation of C-type lectins. BMC Bio-
inform. 12 (Suppl. 14), S5.
Kowaltowski, A.J., Castilho, R.F., Vercesi, A.E., 2001. Mitochondrial
permeability transition and oxidative stress. FEBS Lett. 495, 12–15.Lichtenstein, R.G., Rabinovich, G.A., 2013. Glycobiology of cell death:
when glycans and lectins govern cell fate. Cell Death Differ. 20, 976–
986.
Liu, B., Cheng, Y., Bian, H.J., Bao, J.K., 2009a. Molecular mechanisms of
Polygonatum cyrtonema lectin-induced apoptosis and autophagy in
cancer cells. Autophagy 5, 253–255.
Liu, B., Cheng, Y., Zhang, B., Bian, H.J., Bao, J.K., 2009b. Polygonatum
cyrtonema lectin induces apoptosis and autophagy in human mela-
noma A375 cells through a mitochondria-mediated ROS-p38-p53
pathway. Cancer Lett. 275, 54–60.
Liu, B., Li, C.Y., Bian, H.J., Min, M.W., Chen, L.F., Bao, J.K., 2009c. Anti-
proliferative activity and apoptosis-inducing mechanism of Conca-
navalin A on human melanoma A375 cells. Arch. Biochem. Biophys.
482, 1–6.
Naga, K.K., Sullivan, P.G., Geddes, J.W., 2007. High cyclophilin D content of
synaptic mitochondria results in increased vulnerability to perme-
ability transition. J. Neurosci. 27, 7469–7475.
Nguyen, T.T., Stevens, M.V., Kohr, M., Steenbergen, C., Sack, M.N.,
Murphy, E., 2011. Cysteine 203 of cyclophilin D is critical for cyclo-
philin D activation of the mitochondrial permeability transition pore.
J. Biol. Chem. 286, 40184–40192.
Nolte, S., de Castro Damasio, D., Barea, A.C., Gomes, J., Magalhaes, A.,
Mello Zischler, L.F., Stuelp-Campelo, P.M., Eliﬁo-Esposito, S.L., Roque-
Barreira, M.C., Reis, C.A., Moreno-Amaral, A.N., 2012. BJcuL, a lectin
puriﬁed from Bothrops jararacussu venom, induces apoptosis in
human gastric carcinoma cells accompanied by inhibition of cell
adhesion and actin cytoskeleton disassembly. Toxicon 59, 81–85.
Nunes Edos, S., de Souza, M.A., Vaz, A.F., Santana, G.M., Gomes, F.S.,
Coelho, L.C., Paiva, P.M., da Silva, R.M., Silva-Lucca, R.A., Oliva, M.L.,
Guarnieri, M.C., Correia, M.T., 2011. Puriﬁcation of a lectin with anti-
bacterial activity from Bothrops leucurus snake venom. Comp. Bio-
chem. Physiol. B Biochem. Mol. Biol. 159, 57–63.
Nunes, E.S., Souza, M.A., Vaz, A.F., Silva, T.G., Aguiar, J.S., Batista, A.M.,
Guerra, M.M., Guarnieri, M.C., Coelho, L.C., Correia, M.T., 2012. Cyto-
toxic effect and apoptosis induction by Bothrops leucurus venom
lectin on tumor cell lines. Toxicon 59, 667–671.
Quarato, G., D’Aprile, A., Gavillet, B., Vuagniaux, G., Moradpour, D.,
Capitanio, N., Piccoli, C., 2012. The cyclophilin inhibitor alisporivir
prevents hepatitis C virus-mediated mitochondrial dysfunction.
Hepatology 55, 1333–1343.
Ronchi, J.A., Figueira, T.R., Ravagnani, F.G., Oliveira, H.C., Vercesi, A.E.,
Castilho, R.F., 2013. A spontaneous mutation in the nicotinamide
nucleotide transhydrogenase gene of C57BL/6J mice results in mito-
chondrial redox abnormalities. Free Radic. Biol. Med. 63, 446–456.
Sabova, L., Pilatova, M., Szilagyi, K., Sabo, R., Mojzis, J., 2010. Cytotoxic
effect of mistletoe (Viscum album L.) extract on Jurkat cells and its
interaction with doxorubicin. Phytother. Res. 24, 365–368.
Saito, A., Castilho, R.F., 2010. Inhibitory effects of adenine nucleotides on
brain mitochondrial permeability transition. Neurochem. Res. 35,
1667–1674.
Sharon, N., 2007. Lectins: carbohydrate-speciﬁc reagents and biological
recognition molecules. J. Biol. Chem. 282, 2753–2764.
Vaseva, A.V., Marchenko, N.D., Ji, K., Tsirka, S.E., Holzmann, S., Moll, U.M.,
2012. p53 opens the mitochondrial permeability transition pore to
trigger necrosis. Cell 149, 1536–1548.
Vercesi, A.E., 1987. The participation of NADP, the transmembrane po-
tential and the energy-linked NAD(P) transhydrogenase in the pro-
cess of Ca2þ efﬂux from rat liver mitochondria. Arch. Biochem.
Biophys. 252, 171–178.
Vercesi, A.E., Hoffmann, M.E., Bernardes, C.F., Docampo, R., 1993. ATP and
Ca2þ homeostasis in Trypanosoma cruzi. Braz. J. Med. Biol. Res. 26,
355–363.
Wang, H., Gao, J., Ng, T.B., 2000. A new lectin with highly potent anti-
hepatoma and antisarcoma activities from the oyster mushroom
Pleurotus ostreatus. Biochem. Biophys. Res. Commun. 275, 810–816.
Zhao, Q., Cao, X., Zeng, B., Wang, C., Yan, L., Xu, C., 2010. Musca domestica
larva lectin induces apoptosis in BEL-7402 cells through a
mitochondria-mediated reactive oxygen species way. Biol. Pharm.
Bull. 33, 1274–1278.
Zoratti, M., Szabò, I., 1995. The mitochondrial permeability transition.
Biochim. Biophys. Acta 1241, 139–176.
